ABSTRACT Proteins that cross-link actin filaments can either form bundles of parallel filaments or isotropic networks of individual filaments. We have found that mixtures of actin filaments with a-actinin purified from either Acanthamoeba castellanii or chicken smooth muscle can form bundles or isotropic networks depending on their concentration. Low concentrations of a-actinin and actin filaments form networks indistinguishable in electron micrographs from gels of actin alone. Higher concentrations of a-actinin and actin filaments form bundles. The threshold for bundling depends on the affinity of the a-actinin for actin. The complex of Acanthamoeba a-actinin with actin filaments has a Kdof 4.7 pM and a bundling threshold of 0.1 pM; chicken smooth muscle has a Kdof 0.6 pM and a bundling threshold of 1 pM. The physical properties of isotropic networks of cross-linked actin filaments are very different from a gel of bundles: the network behaves like a solid because each actin filament is part of a single structure that encompasses all the filaments. Bundles of filaments behave more like a very viscous fluid because each bundle, while very long and stiff, can slip past other bundles. We have developed a computer model that predicts the bundling threshold based on four variables: the length of the actin filaments, the affinity of the a-actinin for actin, and the concentrations of actin and a-actinin.
INTRODUCTION
Proteins that can bind more than one actin filament have traditionally been classified either bundling proteins or as network-forming proteins (e.g., Ref. 1) . Bundles are arrays of parallel actin filaments, such as those in microvilli and stress fibers, while networks are isotropic gels of individual actin filaments, such as those seen in electron micrographs of the cell cortex (2) . Some small, inflexible actin binding proteins such as the Dictyostelium 30,000-dalton protein (3) may be unable to form anything other than tightly packed bundles, and proteins that cross-link filaments at right angles such as macrophage ABP (4) may be unable to bundle. On the other hand, it seems unreasonable to us that a flexible molecule with actin binding sites at both ends, such as the spectrin superfamily (1) should be only able to do one or the other.
a-Actinin is a member of the spectrin superfamily of actin cross-linking proteins that is usually classified as a bundling protein (5) . It is a dimer composed of two identical peptides of about 100 kDa each (6) that in electron micrographs appears as a rod 30-40 nm long (e.g., Ref. 7) with globular regions at each end. Based on the amino acid sequence and data from proteolysis experiments, the globular region is largely the amino terminus of the a-actinin monomer, and is the actin-binding domain (8) shared by many actin crosslinking proteins (1, 9) . The rod consists of four repeats of a 120-amino acid motif similar to those of spectrin (10) and is 0.1 mM CaCl2, 0.5 mM dithiothreitol, 0.3 mM NaN3) before use. Proteins were stored in Buffer G at 4°C and used within 1 week of purification.
Determination of binding constants
Varying concentrations of actin and of a-actinin were polymerized together in Buffer G with 0.1 mM KCl, 1 mM MgCl2, and 0.5 mM EGTA at room temperature in 200-,ul centrifuge tubes for 2 h. A 10-,ul aliquot was removed, the remainder was centrifuged 1 h at 120,000 g in a Beckmann Airfuge, and 10 ,ul was removed from the meniscus. Uncentrifuged and supernatant samples were prepared for electrophoresis in sodium dodecyl sulfate on 10% polyacrylamide gels (18) , stained with Coomassie Blue, and scanned in a Molecular Dynamics model 30E densitometer. The uncentrifuged samples were used to plot a standard curve to determine the free a-actinin concentration in the supernatant fractions. Free actin concentration was estimated as total actin -bound a-actinin. In any given experiment, either the actin or the a-actinin concentration was kept constant and used as the concentration of sites in the equilibrium binding equation, bound/sites = free/(Kd + free). The data were fit to this equation with the nonlinear least squares fitting program, Regression (Blackwell Scientific, Oxford).
Rheology
Quantitative physical measurements were made with an R18 cone and plate Weissenberg rheogoniometer (Sangamo Controls, Bognor Regis, Sussex, England) in the forced oscillation mode as described by Sato et al. (19) . The amplitude of oscillations for all experiments was 8 ,im, for a maximum shear strain of 1%. Protein samples were mixed and polymerization was initiated by adding 10 x polymerization buffer KME (final concentration, 2 mM Tris, pH 8.0, 50 mM KCI, 1 mM MgCl2, 1 mM EGTA). The sample was immediately applied to the plates of the rheogoniometer and incubated overnight without shearing at 25°C in the instrument. The magnitude of the complex modulus, IG*I , was calculated as IG*I = [G'2 + (27rfq1)2]1/2 (20) where G' is the dynamic shear storage modulus, iq' is the dynamic viscosity, and f is the frequency of oscillations in Hertz. The phase shift, 8, was calculated as tan S = 2rf '/G'. The magnitude of the complex modulus was reproducible to within a factor of 5 and the phase shift within 10% in three repetitions of the rheological experiments.
Electron microscopy
Samples were mixed and polymerized with KME in a volume of 100 ,ul in a porcelain tray and allowed to polymerize overnight at room temperature in a humidified chamber. They were fixed in situ, embedded, and sectioned as described in Maciver et al. (16) .
Kinetics of polymerization NBD-actin was made by the method of Detmers et al. (21) and was 100% labeled. Polymerization was measured by the fluorescence increase at 530 nm, with an excitation wavelength of 470 nm. Samples were mixed to a final volume of 1.08 ml in a plastic cuvette, and polymerization was initiated by adding 120 ,ul of 10 X KME. All reactions were kept at 25°C.
RESULTS

Binding of actin to a-actinin
We evaluated the binding of chicken and amoeba a-actinins to actin by a pelleting assay, estimating the concentration of a-actinin bound to actin from the concentration of free a-actinin in the supernatant (Fig. 1) . Under the conditions used, a-actinin did not pellet alone, while virtually all the actin did (data not shown). At room temperature, amoeba a-actinin had a dissociation constant of 4.7 ,uM (Fig. 1 C) , while chicken smooth muscle a-actinin had a dissociation constant of 0.6 ,tM (Fig. 1 D) . These are similar to those reported by Meyer and Aebi (5) . As both a-actinin molecules have similar sizes and shapes (5, 22) , the association rate constants should be similar, and the 10-fold difference in equilibrium constants is likely due to a 10-fold greater dissociation rate constant for the amoeba a-actinin.
Rheology of actin/ai-actinin gels
The magnitude of the complex modulus of a material measures its resistance to an oscillatory deformation as a function of the amplitude of deformation, while the phase shift between the deformation and the response depends on whether the material is solid or fluid. A solid will resist most when the deformation is maximal, and so the stress will be in phase with the deformation. A fluid will resist most when the rate of deformation is zero, so the phase shift is 900 or approximately 1.6 radians. All values for 8 in this paper are given in radians.
For comparison, the modulus of steel is 7.6 X 1011 dyne/ cm2, with a phase shift of 0. The modulus of water ranges from 1.2 X 10-2 dyne/cm2 at 0.19 Hz to 1.9 X 10-6 dyne/cm2 at 0.0003 Hz, with a phase shift of 1.6 (20) . Cross-linked long polymers are viscoelastic, with phase shifts between that of a solid and a fluid; highly cross-linked rubber has a phase shift of 0.2 with a modulus of about 108 dyne/cm2. Amoeba and chicken a-actinins differ both quantitatively and qualitatively in their effects on the mechanical properties of actin filament gels (Fig. 2) . Actin filaments have a modulus that varies between 2 and 10 dynes/cm2 depending on the frequency of deformation, with a phase shift about 0.3 radians (Fig. 2) . As reported previously, (13, 16 ) amoeba a-actinin raises the modulus at high frequencies of deformation, with only a small effect at low frequencies. This was interpreted as an effect of a high dissociation rate constant. Actin networks cross-linked by a-actinin resist rapid deformations, but at low rates of deformation the networks are similar to actin filaments alone, since the cross-links can rearrange faster than the rate of filament displacement.
We used the approach of Brenner (23, 24) to interpret the rheological data in molecular terms. Brenner showed that a dynamically cross-linked polymer has a stiffness that depends on the velocity of deformation. The stiffness is similar to that of the uncross-linked material at very low speeds, while at high speeds it approaches that of a tightly crosslinked network. The stiffness is 50% of its maximum when time scale of the deformation is equal to 1/k-, the dissociation rate constant. With an oscillatory deformation, the dissociation constant should be approximately equal to the frequency of oscillation at half-maximal stiffness. The amoeba a-actinin/actin line was extrapolated back to the actin alone curve (the uncross-linked material) and forward to the chicken smooth muscle a-actinin curve (considered the tightly cross-linked material). The amoeba a-actinin reached 50% of the tightly cross-linked material's stiffness at a fre- On the other hand, chicken smooth muscle a-actinin raises the modulus of actin filaments at all frequencies of deformation, consistent with a much lower dissociation rate and thus much more permanent bonds. The nearly constant increase makes it impossible to estimate the dissociation rate constant from these data, but if the association rate constant is the same as that of amoeba a-actinin, then the dissociation rate constant would be 0.37 s-1.
The magnitude of the complex modulus and phase shift of mixtures of actin filaments with a-actinin depends on the concentration of a-actinin in a complex way that reveals a fundamental difference in the cross-linking properties of the two proteins (Fig. 3) . At concentrations greater than a threshold of 0.4 ,jM, amoeba a-actinin increases the modulus and decreases the phase shift of actin filaments (Fig. 3) , making the gel stiff and more solid-like. Chicken a-actinin differs in three ways: first, the threshold concentration for increasing the complex modulus is much lower, 0.02 ,AM. Second, at 0.1 ,uM a-actinin the complex modulus has a local maximum and at 1.0 ,uM there is a local minimum. At higher concentrations of chicken a-actinin the complex modulus increases to levels more than 20 times those with amoeba a-actinin.
Third, at a chicken a-actinin concentration of 0.1 ,AM, when the magnitude of the complex modulus is at a local maximum, the phase shift is at a local minimum, between 0 and 0.1 at all frequencies (Fig. 3, C and D) . Thus the chicken a-actinin/actin gel is very much like a solid at low a-actinin concentrations, while at higher concentrations it is more like a fluid. Amoeba a-actinin/actin gels are more fluid at all concentrations. This biphasic behavior indicates that the amoeba and the chicken smooth muscle a-actinins affect 15 ,uM actin gels differently between a-actinin concentrations of 0.1 and 1.0 ,AM. (Fig. 3) . Chicken smooth muscle a-actinin does not bundle actin filaments until its concentration is very high (Fig. 5 ), while at concentrations up to the local minimum in the complex modulus at 1.0 ,uM (Fig. 3,  A and B) , the chicken a-actinin with actin retains the homogeneous networked appearance of actin alone.
Kinetics of polymerization
The presence of 1 ,uM of either a-actinin has no effect on the time course of polymerization of 15 ,uM actin (Fig. 7) . The time to half-polymerization is 33 s, and there is a lag of approximately 15 s as the actin filaments are nucleated. This result is strong evidence that a-actinin has little or no effect on the distribution of filament lengths. It makes it unlikely that the a-actinin either nucleates or shortens the filaments.
Computer modeling A relatively simple model can account for the dependence of the structure of the mixtures of actin filaments and a-actinin on the concentration of a-actinin (Appendix and Fig. 8 ). In particular, this model predicts quantitatively the concentrations of the two different a-actinins required for the transition from an isotropic gel to bundles of filaments.
The model assumes that diffusion and reversible molecular interactions alone account for the structure of the actin filament assemblies. Thus the only four variables are the concentrations of actin and a-actinin, the length of the actin filaments, and the affinity of the a-actinin for the actin filaments, and there are no arbitrary parameters used to fit the data. Since our experiments have been done on samples where the actin filaments polymerized from monomers in the presence of a-actinin, the concentration and length of the filaments is varied with time during the calculations. The computer uses this model and the four variables to calculate binding and orientation of two filaments relative to each other as test of the tendency of the whole ensemble of filaments in a bulk sample to align in bundles.
The model predicts that the filaments will form random networks at low concentrations of gizzard a-actinin and bundles at concentrations above 1 ,uM a-actinin (Fig. 8) , exactly as observed. The concentration of amoeba a-actinin required for bundling is 0.1,IM (Fig. 8) , as observed. Assuming a Kd of 2 ,uM, the model also fits the data reported by Hou et al. (26) for bundling of actin filaments by filamin (Fig. 9) . The model predicts a bundling threshold at a ratio of 1 filamin/ 163 actins, close to the observed value of 1/140.
DISCUSSION
Early thoughts about the effects of protein cross-linkers on the structure and mechanical properties of actin filament networks have been relatively simple, assuming that the crosslinked filaments are a viscoelastic material with a stiffness that depends more or less directly on the density of the crosslinks. Furthermore, many authors have argued that the structure of these gels depends on the particular cross-linking protein, with some having a strong tendency to form isotropic gels and others favoring bundles of filaments (see Ref 1) . Recent work has suggested that the situation is more complex with mixtures of actin and a given cross-linker forming either isotropic networks or bundles depending on the concentrations of the proteins (16, 26) and the length of the filaments (16, 27) . Actin + a-actinin above bundling threshold high high
Here we report that both the structure and mechanical properties of mixtures of actin filaments and a-actinin depend in a complicated way on both the concentration and affinity of this cross-linking protein for actin. At low concentrations of a-actinin the gel is isotropic and the elastic modulus depends directly on the concentration of the crosslinker as expected from theoretical considerations (14) . Compared with actin filaments alone, the mixtures behave more as a solid with a higher complex modulus and a lower phase shift. At intermediate concentrations of cross-linker, the complex modulus falls and the phase shift rises. By electron microscopy the actin filaments appear to be random. At high concentrations of a-actinin, the filaments aggregate into bundles. The complex modulus again varies directly with the concentration of ci-actinin, but the phase shift declines to about 0.2, a value closer to that of a fluid rather than the solid observed at low concentrations of cross-linker. The concentration of a-actinin required for the transition from an isotropic viscoelastic solid to a viscous fluid of actin bundles depends on the affinity of the a-actinin for actin. In our examples, the transition concentration for low affinity amoeba a-actinin was about 10 times smaller than for the higher affinity smooth muscle a-actinin.
Although these phenomena appear to be complex, a relatively simple model with four variables (concentrations of actin and cross-linker, length of the filaments, and affinity of the cross-linker) and minimal assumptions can account for both our data and that of others (Figs. 8 and 9 ). The details regarding the computations are found in the Appendix. Here we focus on the mechanisms that explain how the concentration and affinity of a-actinin affects the structure and mechanical properties of the actin filaments.
At the actin concentrations used in our experiments, actin polymerizes into random networks (28) unless a favorable combination of cross-linker and polymer length exist to promote bundle formation. The polymer length is an important variable since formation of a bundle requires the alignment of filaments. Long filaments will be entangled and less able to rearrange by diffusion into bundles. The affinity of the cross-linker is an issue, because the rate of dissociation will determine whether filaments can realign into bundles. Tight cross-linkers will freeze the filaments in an isotropic network, so the bundling threshold is higher for cross-linkers that bind tightly.
When the filaments are short, they diffuse freely and have few a-actinin molecules bound, so diffusion keeps them randomly oriented. As they become longer, they bind more a-actinin and become frozen in position. If the affinity for actin is low, then the a-actinin will dissociate and allow the filaments to continue diffusing. If the filaments, with many a-actinin molecules bound, diffuse to a position where they are close to parallel, many of the a-actinin molecules will cross-link the filaments, so that even if one dissociates, the others will keep the filaments aligned. Thus, once bundles form they tend not to reform isotropic networks. The transition from isotropic network to bundles is not a true phase shift, but a kinetically limited reaction. At concentrations of a-actinin less than the bundling threshold, the gel is cross-linked in proportion to the a-actinin concentration without changing its isotropic nature (Figs. 4 and 5) . The extent of cross-linking determines the elastic component of the modulus (14) . More extensive cross-linking results in a higher complex modulus and a lower phase shift (i.e., a more solid-like material).
At threshold concentrations of a-actinin, the actin filaments begin to bundle. We propose that the modulus is less than that of an isotropic gel, and the phase shift is greater, because the incipient bundles are able to slip past one another and the gel is more fluid (Fig. 3) . In electron micrographs, the filaments in the gels can still appear largely homogeneous, with a few small bundles visible (Figs. 4 and 5) .
At concentrations of a-actinin above the threshold, the actin filaments form bundles that are obvious in the electron microscope (Figs. 4-6 ). As more filaments are recruited into the bundles, the complex modulus, or the stiffness, of the gel increases. These bundles may be somewhat cross-linked to each other, but will still be largely able to slip past one another, so the phase shift is closer to that of a fluid than the isotropic network-about 0.2.
This triphasic behavior is most obvious with the chicken smooth muscle a-actinin, which has a bundling threshold around 1 ,uM (as predicted from theory in Fig. 8 ). There is a maximum in the phase shift and a minimum in the modulus at 1 ,uM, and bundling is evident at a-actinin concentrations greater than 1 ,uM.
The data with amoeba a-actinin are harder to interpret, for two reasons. First, owing to its low affinity for actin, the amoeba a-actinin has a very small effect on the mechanical properties at low frequencies, especially at low concentrations. Consequently, Figs. 3 A and 3 C show no effect of amoeba a-actinin in the range of concentrations where the model predicts isotropic gel formation, because the frequency of deformation is low. For the same reason, it is difficult to observe a clear minimum in the modulus at the bundling threshold, although the micrographs (Fig. 4) and the local maximum in the phase shift between 0.1 and 0.03 ,uM (Fig. 3) indicate that the bundling threshold is about 0.1 ,uM, as predicted by theory (Fig. 8) .
Hou et al. (26) have also observed the transition of actin filament gels from networks to bundles with the cross-linking protein filamin. They documented the transition by light microscopy and fluorescence photobleaching recovery, but did not relate the structure of the gel to the mechanical properties. They varied the actin concentration over a wide range, and found the bundling threshold at a filamin concentration 1/140 of the actin concentration. Using the model presented here and a mean filamin length of 100 nm (29) we found the best fit to their data with a Kd of 2 AM and a bundling threshold at a filamin concentration 1/163 of the actin concentration (Fig. 9) .
Simon et al. (30) found that high concentrations of Dictyostelium a-actinin with fluorescently labeled F-actin formed inhomogenous domains on the order of 100 ,um. The threshold they found, 0.1 ,uM a-actinin with 12 ,uM actin, is consistent with our model and a Kd of 3 ,uM (5). Grazi et al. (31) found that the concentration of rabbit skeletal muscle a-actinin had a complex effect on the low shear viscosity of low concentrations of actin (1.2 ,.M). Concentrations of a-actinin up to 0.5 nM increased the viscosity; between 0.5 and 1 nM ca-actinin lowered the viscosity; beyond this the viscosity increased directly with the concentration of a-actinin. They describe electron micrographs of their actin gels, with bundles forming predominantly above an a-actinin to actin ratio of 1 to 6. Brown (32) also found that the formation of bundles with low concentrations of actin (4.1 ,uM) decreased the viscosity. These observations are consistent with the model that predicts that bundling will decrease actin gel viscosity as bundles slip past each other.
It seems clear that the structure of actin gels depends in a complex fashion on the composition of the sample and kinetics of its assembly. In our experiments the actin was polymerized in the presence of cross-linkers, so the filaments are initially short and able to form bundles. In the cell, most filaments are less than 1 ,um long (33) (34) (35) , considerably shorter than those formed in vitro (36, 37) . Short filaments can rearrange and form bundles far more readily than long ones (16) , so actin filament severing and capping proteins that regulate filament length could rapidly change the physical properties of the cell.
Both actin cross-linking proteins used in this study are calcium-insensitive (12, 38) , but most nonmuscle c-actinins are calcium-sensitive (38) . Cells with these a-actinins may regulate actin filament cross-linking by varying the calcium concentration, in effect turning amoeba a-actinin into smooth muscle a-actinin. This will affect both the extent of cross-linking, the arrangement of the filaments and the mechanical properties. As shown here, these effects could be counterintuitive: lowering the affinity can increase the ten- dency of filaments to form bundles and increase the stiffness of the cytoplasm (cf. Fig. 3 at 1 p,M a-actinin) . Variation of the affinity of a major cross-linking protein like a-actinin could also dramatically alter the physical properties of cytoplasm by changing its structure as described here. filamin, jM FIGURE 9 Calculated bundling threshold for mixtures of actin filaments and filamin, compared to data of Hou et al. (26) . Hou et al. determined the structure of actin/filamin gels at varying concentrations by differential interference contrast microscopy. They rated the samples as isotropic (E) or anisotropic (0). 0, the bundling threshold for various concentrations of actin, calculated using the model described in the Appendix, assuming an equilibrium dissociation constant of 2 ,uM and a cross-linker length of 100 ,uM. The solid line is the linear least-squares fit through the calculated points, with a filamin:actin ratio of 1:163.
We propose that the distinction between the cross-linking proteins that either promote the formation of networks or bundle actin filaments is artificial; many if not all of these cross-linking proteins are probably capable of either, depending on the conditions of polymerization and the relative rates of cross-linking and reorganization of the filaments. At concentrations of cross-linker lower than a bundling threshold, the filaments form an isotropic network. The greater the affinity of the cross-linking protein for actin filaments, the higher this threshold, as the filaments are less able to rearrange into bundles. kT ln(L/b) (1) Dt,perp 7r71L (1) where k is Boltzmann's constant, T is the absolute temperature, and q is the viscosity of water. The translational diffusion constant for motion parallel to the axis is as follows. Under conditions where the actin polymerizes in the presence of the cross-linker, the length of the filament varies with time; to simplify the model we assumed that all the filaments grew identically and used the mean filament length If as the final length. The kinetics of growth were taken from the data in Fig. 7 .
D~~~~~~~~~~~( 2)
The model calculated the position in three dimensions of each filament after time steps of At, usually 0.01 s. At each step, the filaments grew to the appropriate length and diffused, and a-actinin molecules bound to and dissociated from the filaments. If any a-actinin molecules remained bound to both filaments, then on the next cycle the filaments could not translate relative to one another and rotational diffusion was limited, so the distance between filaments at the point where the a-actinin bound was less than 1X, the length of the a-actinin, or 36 nm (7). If a filament was bound to an a-actinin molecule on a distant filament (as described below) it did not diffuse at all on the next cycle. The diffusion was performed using toroidal boundary conditions: if a filament diffused more than the mean interfilament spacing, df, away from the other, the filament was displaced to df away on the other side. This simulates the presence of other filaments in the system that can diffuse in. It is a simplification in that it does not allow for three or more filaments at once.
The algorithm for calculating a-actinin binding was as follows: the concentration of a-actinin bound to at least one actin filament, Cb, is the solution of the equilibrium equation:
Cb where Ca is the concentration of actin incorporated into filaments, which is known from the initial concentration of actin and the kinetics of polymerization; Ca, is the total concentration of a-actinin, and Kd is the equilibrium dissociation constant, which is known from the data in Fig. 1 . The number of a-actinin molecules bound to a single filament is Cb/v. This number of ax-actinin molecules bound randomly along the filament.
Any a-actinin molecule that was bound to only one filament but was within la of the other filament bound to that other filament. Any a-actinin molecule that was bound to both filaments dissociated from one of them with a rate k_ = Kd/k+, where k+ is the association rate constant estimated to be 6.8 X 105 M-'Is-(see text and Fig. 2) . To simulate the random dissociation, each a-actinin dissociated with a probability At k_.
Also on each cycle, the filaments were allowed to bind to a-actinin molecules bound to filaments other than the two being simulated. The probability of an a-actinin molecule being within 1,, of a filament of length L is the concentration of bound a-actinin times the volume of the cylinder around the filament, or prob = 1rl2LCb. (5) Once bound, these distant a-actinin molecules dissociated as described above.
This algorithm was repeated until the filaments reached the semidilute limit, beyond which the diffusion of the filaments becomes severely limited (39) . The limit is equal to df. Each simulation was run at least 50 times, and the mean final angle between the filaments was reported as a measure of bundling. Small angles reflect bundling, while angles closer to 450 reflect an isotropic distribution. This algorithm was repeated for a series of a-actinin concentrations at a constant actin concentration, and the a-actinin concentration with the minimum mean angle was defined as the bundling threshold (Fig. 8) .
The purpose of the model is to estimate the bundling threshold, not the steady state orientation of the filaments. The model involves only two filaments interacting. In the actual experiments that involve many filaments, the bundling is cooperative. As more filaments are incorporated into bundles, it becomes easier for additional filaments to align (28) . Once two filaments are bundled, they will move together and are able to bundle with other filaments. Thus in the experiments, the bundling threshold is much more dramatic and tends to be an all-or-none phenomenon. In the electron micrographs (Figs. 4 and 5) , the filaments are either bundled or not, whereas the model has a more gentle slope in the angle between filaments.
This model assumes that the actin filaments are rigid rods. This is a simplification that makes the mathematics tractable. In fact, actin filaments have a persistence length of 12.5 ,gm (37) , so the ends of a 4.9-,im filament would have a mean angular deviation of 47°. This flexibility of the filaments affects the rheological parameters of cross-linked gels but probably not the propensity to form bundles, which depends on the rate of cross-linking and the diffusion of the filaments as a whole.
